ABSTRACT A recent invader of North America, the brown marmorated stink bug (Halyomorpha halys Stål) is a polyphagous pentatomid that harbors a gammaproteobacterial mutualist in the crypts of specialized midgut gastric caeca (region V4). Histological analyses revealed a single rod-shaped morphology abundant in distal V4 midgut caecal crypts. A strong ßuorescence signal was detected when thin sections of these tissues were hybridized with a ßuorescently-labeled, EnterobacteriaceaespeciÞc oligonucleotide probe. A single operational taxonomic unit (OTU) assigned to the Pantoea genus represented Ͼ99% of 3,454 16S rDNA amplicons obtained from midgut V4 tissues and egg samples. Detection of H. halys primary symbiont in DNA extracted from eggs suggested vertical maternal inheritance as the mode of intergenerational transmission. Consistent detection of the bacterial symbiont in geographically distinct H. halys populations strongly supports an intimate association between these two organisms. An inferred phylogeny of gammaproteobacterial symbionts of pentatomids placed the Pantoea-assigned OTU from H. halys within a clade distinct from primary bacterial symbionts of related stink bugs, Nezara viridula (L.) and Eurydema rugosa Motschulsky. Given these data, Candidatus "Pantoea carbekii" is proposed as the name of the primary bacterial symbiont of H. halys.
InsectÐ bacteria mutualisms are increasingly being recognized as an important source of evolutionary novelty by providing adaptive advantages to the host (Moran 2006) . Obligate (i.e., primary) and facultative (i.e., secondary) relationships are among the common types of symbiotic interactions microbes maintain with their hosts (Gil et al. 2004 , Moran et al. 2008 . Although not required for survival, facultative symbionts have been shown to provide ecological advantages that include resistance to pathogens, natural enemies, and environmental stresses (see Oliver et al. 2010 for a review). Obligate bacterial mutualists are essential for normal growth, development, and survival of their insect hosts often by provisioning nutrients unavailable in their hostÕs diet (Gibson and Hunter 2010, Feldhaar 2011) . Additionally, they are known to reside within the cavities or cells of specialized host tissues, and maternal vertical inheritance is the typical mode of intergenerational transmission (Buchner 1965) .
Endosymbionts inhabit members of most insect orders, but none are as well studied as those within the Hemiptera. This group is one of the earliest insect lineages and includes familiar arthropods such as aphids (MacDonald et al. 2011) , whiteßies (suborder Sternorrhyncha; Sloan and Moran 2012) , planthoppers and leafhoppers (suborder Auchenorrhyncha; Takiya et al. 2006, Urban and , and the "true-bugs" (stink bugs, bed bugs, seed bugs; suborder Heteroptera; Prado et al. 2006 , Hosokawa et al. 2010a , Kaiwa et al. 2011 , Kuechler et al. 2011 , Matsuura et al. 2011 , Hosokawa et al. 2012a , Kikuchi et al. 2012 , Zucchi et al. 2012 ). Many of these arthropods are pests of agricultural or medical importance . While the role of the aphid endosymbiotic mutualist, Buchnera aphidicola, in host development is well understood, endosymbionts of plataspids (family Plataspididae) and stink bugs (family Pentatomidae) are receiving considerable attention owing to many of their hosts being invasive polyphagous agricultural pests (Fukatsu and Hosokawa 2002 , Hosokawa et al. 2005 , Hosokawa et al. 2010b , Kaiwa et al. 2011 .
Members of the Plataspidae, Pentatomidae, Scutelleridae, Parastrachiidae, and Cydnidae are known to harbor gammaproteobacterial symbionts in the crypts of tissues ßanking or comprising regions of the midgut. Offspring acquire them via maternal secretions that are smeared on or positioned proximally to eggs and consumed by nymphs immediately following emergence (Prado et al. 2006 , Prado and Almeida 2009 , Kaiwa et al. 2010 , Hosokawa et al. 2010a , Hosokawa et al. 2012b ). For example, Megacopta punctatissima (Montandon) (Plataspidae) females place fecal capsules that contain the primary symbiont proximal to eggs, and newly hatched nymphs consume the capsule and ingest the microbes therein; experimentally removing this capsule before hatching results in poor nymphal development (Hosokawa et al. 2006 ) and aberrant behavior (Hosokawa et al. 2008) . Presumably, the consumed bacteria traverse the midgut sections (V1ÐV4) before permanently residing in the crypts at distal midgut V4 region (Prado and Almeida 2009) .
The brown marmorated stink bug, Halyomorpha halys Stål, is native to East Asia, but has recently become a serious invader in North America and Europe. First detected in eastern Pennsylvania in the mid-1990s (Hoebeke and Carter 2003) , it has since spread to 40 U.S. states (www.stopbmsb.org). H. halys is a highly polyphagous species, feeding on Ϸ100 host plants that include many important agricultural commodities such as apples, pears, cherries, beans, corn, and soybean (Lee et al. 2013 , Bansal et al. 2013 . Furthermore, it is an important public nuisance owing to its tendency to overwinter in homes; collections of up to 1,000 adults are common (Inkley 2012). Despite its importance, little is known about mutualisms it may maintain with microbes that, among other attributes, may have facilitated its invasion. In this study, the H. halys primary symbiont is described using a variety of diagnostic tools. Withincrypt spatial localization of the H. halys symbiont was determined using histological and microscopy techniques. Molecular and genomic approaches were used to sequence the 16S rRNA genes from bacteria associated with V4 midguts and egg masses to identify the primary symbiont and its mode of intergenerational transmission. Additionally, we surveyed geographically distinct populations of H. halys for the presence of the primary symbiont. We also inferred evolutionary relationships between the H. halys symbiont and other known stink bug primary symbionts. and were provided a mixed diet that included corn cobs, green beans, grapes, lettuce, and carrots. Additional standard rearing practices, as described by (Medal et al. 2012) , were followed. In addition to Þeld-collected H. halys, adults from the fourth generation of laboratory colony were used for determining the bacterial diversity in V4 section of midgut. A single H. halys egg mass (containing 28 eggs) laid by adults from the fourth generation of laboratory colony was collected for DNA extractions to detect the maternal transmission of bacteria to offspring. Additionally, Þfth-instar nymphs (n ϭ 6) and adults (n ϭ 5) from 10th generation of laboratory colony were dissected and their midgut V4 regions were inspected for morphology and coloration.
Materials and Methods

Field
Light and Transmission Electron Microscopy (TEM). Distal midgut tissues were dissected from male and female adults into ice-cold Þxative (3% glutaraldehyde, 1% paraformaldehyde in 0.1 M potassium phosphate buffer [PPB; 0.1 M KH 2 PO 4 , 0.1 M K 2 HPO 4 ], pH 7.2). Samples were incubated at 23ЊC for 3 h on a rocker, washed with PPB, and treated with a postÞxative solution (1% osmium tetroxide, 1% uranyl acetate in distilled water) for 1 h at 23ЊC. After dehydration in an ethanolÐpropylene oxide wash series samples were embedded in EM Bed-812 resin (Electron Microscopy Sciences, HartÞeld, PA). Ultra-thin sections were sliced with the Leica EM UC6 ultramicrotome, stained with 3% aqueous uranyl acetate in 40% methanol for 20 min and treated with ReynoldÕs lead citrate solution for 10 min before viewing using a Hitachi H-7500 transmission electron microscope. Images were captured with the Optronics QuantiFire model S99835 digital camera.
Fluorescence in Situ Hybridization. Distal midgut tissues were dissected from adults on ice and immediately placed in ice-cold Þxative (4% paraformaldehyde, 0.1 M PPB, pH 7.2). Samples were transferred to room temperature, Þxed for 2 h on a rocker, and then washed three times with excess PPB. Following the ethanol and histoclear (Polyscience) dehydration, parafÞn inÞltration was performed in the EMS Lynx II tissue processor. Five-micrometer sections were collected onto silane-coated glass slides (Fisher ScientiÞc) using a Leica EM UC6 ultramicrotome. ParafÞn-embedded tissue sections were afÞxed to slides for 30 min at 60ЊC and were dewaxed using a xyleneÐethanol wash series followed by hybridization of Cy3-labeled EUB338 oligonucleotide probe (5Ј-Cy3-GCTGCCTCCCGTAGGAGT-3Ј, 50 ng/ l; Amann et al. 1990) or Ent1251 (5-Cy3-TGCTCTCGC-GAGGTCGCTTCTCTT-3Ј, 50 ng/l; Ootsubo et al. 2002) . Tissues were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI, 1 g/ml) and imaged using a Nikon epißuorescence Ti-S microscope (Nikon Instruments Inc., Melville, NY).
Amplicon Library Preparation and Pyrosequencing. Male and female adult H. halys from Þeld-collected and laboratory-reared samples were washed for 5 min in 70% ethanol and rinsed three times with sterile water to reduce surface contamination. Eggs were not decontaminated before DNA extraction to retain the primary symbiont. Midgut V4 sections were dissected from surface-sterilized adults in phosphate buffer saline (pH 8) under a dissection microscope ( Fig. 1A and B) , pooled in groups of Þve individuals per biological replicate and immediately placed into TE buffer (pH 7.5). Genomic DNA from eggs and midgut V4 section pools was extracted using the hexadecyltrimethylammonium bromide (CTAB) DNA extraction method (Doyle 1987) . Universal primers 343F (TACGGRAGGCAGCAG; Wilson et al. 1990 ) and 798R (AGGGTATCTAATCCT; Rochelle et al. 1995 ; which correspond to positions 343Ð357 and 784 Ð798, respectively, in the Escherichia coli 16S rRNA gene) were used for PCR ampliÞcation. 454 sequencing adapters were present on the 5Ј ends of both forward and reverse primers; an additional, unique 10 nucleotide barcode (multiplex identiÞer, MID) was included on the forward primer, per the manufacturerÕs instructions (454 Life Sciences, Branford, CT; Supp Table 1 [online only]; Bansal et al. 2014) . Amplicons (Ϸ525 bp size) were generated using the barcoded primers (PCR cycling conditions: 5 min at 95ЊC for 1 cycle; 30 s at 94ЊC, 30 s at 50ЊC, and 30 s at 72ЊC for 30 cycles; 5 min at 72ЊC for 1 cycle) in quadruplicate reactions to minimize ampliÞcation bias. PCR reactions were electrophoresed (1.5% agarose gel) to detect amplicons, and positive replicates yielding single bands (Supp Fig. 1 [online only]) were gel-extracted (Qiagen, Valencia, CA), pooled, and quantiÞed on a Nanodrop 2000c (Thermo ScientiÞc, Hudson, NH). Barcoded 16S rDNA amplicons were sequenced on a Roche/454 GS FLXϩ (W. M. Keck Center for Comparative and Functional Genomics, University of Illinois Urbana-Champagne, IL) using Titanium chemistry according to the manufacturerÕs protocol (454 Life Sciences). All sequence reads were deposited in the NCBI Sequence Read Archive. The experiment accession number is SRX346247, and individual dataset accession numbers are SRR970846 (Egg); SRR975479 (F1); SRR975480 (F2); SRR975481 (L1); and SRR975482 (L2).
Sequence Processing and Analysis. Initial processing of raw pyrosequencing data were performed within CLC Genomics Workbench (CLC Bio, Cambridge, MA). Reads with length Ͻ400 bases and Ͼ600bases; one or more undetermined or ambiguous nucleotides; or fragments with a quality score below 0.05 (equivalent to a Phred score of 15) were discarded. Pyrosequence analysis was conducted using Mothur software (Schloss et al. 2009 ) based on the Schloss "standard operating procedure" (http://www. mothur.org/wiki/Schloss_SOP). Contaminants (e.g., non-16S rRNA or outside v3Ðv4 region of 16S rRNA) were identiÞed and removed following read alignment to a Silva reference alignment (Pruesse et al. 2007) , and UCHIME (Edgar et al. 2011 ) was used to detect and remove chimeric sequences. Remaining high-quality reads were clustered into operational taxonomical units (OTUs) at three similarity cutoffs (Ն90, Ն95, Ն97%) using an "average neighbor" algorithm. Sequences representative of each OTU were assigned to taxonomic groups by querying a Silva "small-subunit rDNA" reference database (http:// www.mothur.org/wiki/Silva_reference_Þles) followed by using the Naṏve Bayesian ClassiÞer (Wang et al. 2007 ). BLAST (Camacho et al. 2009 ) and SINA (SILVA Incremental Aligner; using the "least common ancestor" method; Pruesse et al. 2012 ) searches of GenBank "nt" and Silva "SSU" databases, respectively, with representative OTU sequences were used to support taxonomic inferences.
Near Full-Length 16S rRNA Sequence Generation and Validation of H. halys Primary Symbiont in Midgut and Eggs. Outward-oriented primers based on sequences at the 5Ј and 3Ј ends (otu01F: ATTCCAG-GTGTAGCGGTGAAATG and otu01R: GCCGC- CTTCGCCACTGGTAT, respectively) of the H. halys primary symbiont-assigned OTU, were designed (target speciÞcity conÞrmed using TestProbe [http:// www.arb-silva.de/) and used with bacteria-speciÞc 16S rDNA primers, 27F (AGAGTTTGATCMTGGCT-CAG; Lane 1991) and 1492R (GGTTACCTTGTTAC-GACTT; Turner et al. 1999 ) to obtain sequence information for 16S rDNA regions ßanking the nested region obtained from pyrosequencing. SpeciÞcally, 27F-otu01R and otu01F-1492R primer combinations (0.32 mM each primer) were combined with egg or midgut V4 DNA template in 25 l PCR reactions (0.4 mM each dNTPs, 1.5 mM MgCl 2 , 0.625 U of Taq polymerase; Bansal et al. 2011 ) and were subjected to 35 cycles of ampliÞcation and, following puriÞcation, amplicons were Sanger sequenced at the Molecular and Cellular Imaging Center (OARDC, Wooster, OH). Near full-length (1440 bases) 16S rRNA sequence for the H. halys primary symbiont is deposited in GenBank (KF626664). Additionally, identical PCR ampliÞca-tion procedures, using 27F-otu01R and otu01F-1492R primer combinations, were used to conÞrm the presence of the primary symbiont in H. halys eggs and V4 midgut sections.
Phylogenetic Inference. For phylogenetic analysis, 39 partial 16S rDNA sequences representing amplicons obtained from terrestrial environments, 9 host taxa from three pentatomid insect families and various Erwinia and Pantoea isolates, as well as a partial 16S rDNA sequence from a betaproteobacterial gut symbiont that was included as an outgroup, were used. Nucleotide sequence alignment was performed in MAFFT, using the "L-INS-i" algorithm, and trimmed to 1352 characters per sequence, including gaps, to use the maximum number of characters available (Katoh and Standley 2013). An inferred phylogeny with bootstrap support was generated based on a maximum likelihood analysis of 850 replicates in RAxML (Stamatakis and Alachiotis 2010).
Screening of Geographically Distinct H. halys Populations. During late summer and early fall of 2013, H. halys collections were made from four locations within the continental United States: 1) Ohio (40Њ 48Ј33Љ N, 81Њ 56Ј14Љ W); 2) Virginia (37Њ 13Ј48Љ N, 80Њ 25Ј4Љ W); 3) California (38Њ 33Ј20Љ N, 121Њ 28Ј08Љ W); 4) Michigan (42Њ 35Ј38Љ N, 86Њ 6Ј13Љ W); and individuals were subsequently screened (n ϭ 10 per location) for the presence of the V4-associated bacterial symbiont. The gut dissections, DNA extractions, and PCR reactions were performed as described in previous sections. From the nearly full-length 16S rRNA sequence of H. halys primary symbiont, speciÞc primers (forward: GCATATAAAGATTTTACTCTTTAGG-TGGC and reverse: CTCGAAAGCACCAATCCAT-TTCT that correspond to positions 71Ð99 and 988Ð1011, respectively, in the E. coli 16S rRNA gene) were designed. The ampliÞed fragment (Ϸ930bp) was PCRsequenced to conÞrm primer speciÞcity.
Results and Discussion
Localization of the H. halys Primary Symbiont. Examination of the H. halys digestive tract in juveniles and adults consistently revealed an extended midgut (Fig. 1A) with the most distal portion, region V4, being surrounded by four rows of densely packed crypts (only three of which are visible in Fig. 1B ) that are loosely connected to the central intestinal canal. Distal midgut V4 structures of related pentatomids, Nezara viridula (L.) and Eurydema rugosa Motschulsky, are similar to those in H. halys, and they are also host to primary gammaproteobacterial symbionts (Tada et al. 2011 , Kikuchi et al. 2012 ). Pigmentation of the midgut V4 structures varied from orange to pink but red was generally observed; N. viridula and E. rugosa V4 regions are pigmented yellow and red, respectively.
TEM imaging of transverse sections of the distal midgut indicated that the crypts were Þlled with Ϸ1.25 m wide rod-shaped cells bearing two membranes, typical of gram-negative bacteria (Fig. 1C) . In some crypts, additional pleomorphic cell morphology was infrequently observed (Supp Fig. 2 [online only]) . None of the rod-shaped morphotypes were observed in the goblet cells lining the central intestinal canal (Supp Fig. 3 [online only]) . A strong ßuo-rescence signal was detected in the crypts of midgut V4 tissue sections when they were hybridized with a Cy3-labeled Enterobacteriaceae-speciÞc probe (Ent1251; Fig. 2 ). Rod-shaped cells within the crypts, similar to those observed in abundance by TEM, were the primary morphology detected by ßuorescence in situ hybridization. Hybridization of identical tissue sections with a Cy3-labeled bacteria-speciÞc probe (EUB338) gave similar results (Supp Fig. 4 [online only]) .
The H. halys Gammaproteobacterial Symbiont Is Abundant and Maternally Transmitted. In total, 3,454 (97% of 3,539 raw reads) Ϸ452 bp high-quality 16S rDNA pyrosequencing reads were obtained from gut and egg samples (ranging from 507 to 992 reads per sample), and used in our analyses (Table 1) . Microbial community diversity was analyzed by binning sequence reads into OTUs, which correspond to species or types of organisms based on sequence identity. At the 97% sequence identity level (Յ3% sequence differences, which is most commonly used), reads from all samples clustered into 10 OTUs, otu01Ð otu10 (Table 2), but 99.6% of reads from all samples, including eggs, clustered within otu01. Additionally, within each sample, Ͼ99% of the reads were assigned to otu01. At the 95%-cutoff (Յ5% sequence differences) and 90%-cutoff levels (Յ10% sequence differences), all of the sequence reads were assigned to 2 and 1 OTUs, respectively (data not shown). Moreover, PCR ampliÞcation using otu01-speciÞc primers conÞrmed its presence in both H. halys V4 midgut tissues and eggs, thus suggesting that the corresponding species is maternally transmitted (Fig. 3) . Taxonomic assignment of 9 of 10 OTUs using the Silva "SSU" database placed them within the Enterobacteriaceae family of the Gammaproteobacteria subphylum and otu01 was classiÞed to the Pantoea genus using the Silva database. The Pantoea assignment was supported by BLAST searches of "nr" in which the best hits were 97% identical to an uncultured bacterium detected by PCR (GenBank: JF142768) and 95% identical to a Pantoea sp. soil isolate (GenBank: HE662669).
The Gammaproteobacterial Symbiont Is Consistently Associated with H. halys. To determine the prevalence of the gammaproteobacterial symbiont in H. halys populations, we surveyed four natural, geographically distinct H. halys populations for its presence using primers speciÞc for this bacterium (Fig.  4A) . Diagnostic PCR detected the symbiont in 100% of tested individuals (n ϭ 10 per location ϫ 4 locations; Fig. 4B) .
The H. halys Primary Symbiont Is Distinct From Other Stink Bug Primary Symbionts. A 1,440 nt sequence representative of otu01 was assembled in silico from sequenced amplicons obtained using primers speciÞcally targeting this OTU (27F-otu01R and otu01F-1492R). Searches of GenBank with this 1.4 kb fragment returned a best match (99% nucleotide identity and 93% query coverage) to an uncultured bacterium clone ncd1787d05c2 (GenBank JF142768) followed by hits (95% nucleotide identity and 99% query coverage) to plant-associated Pantoea dispersa strains (GenBank GQ200831, JQ765427, and JN645981). Phylogenetic analysis of near full-length 16S rRNA gene sequences for Enterobacteriaceae associated with pentatomids placed the H. halys symbiont in a well-deÞned clade, divergent from other stink bug bacterial symbionts (Fig. 5) and having, at most, 94% identity to the southern green stink bug (N. viridula) bacterial symbiont.
Proposal of a Candidate Name. Candidatus "Pantoea carbekii" is proposed for the H. halys primary symbiont. The proposed species name combines the last names of Drs. Maureen Carter and E. Richard Hoebeke who were the Þrst entomologists to document the American invasion of H. halys (Hoebeke and Carter 2003) .
Concluding Remarks. The brown marmorated stink bug (H. halys) is a cosmopolitan crop pest that harbors a primary gammaproteobacterial symbiont within specialized distal gut tissues in a similar fashion as other investigated pentatomids in that a single, rod-shaped cell morphology dominates the crypts of these tissues. While a pleomorphic cell type was rarely observed in a few crypts, nearly every pyrosequencing read was assigned to a single Enterobacteriaceae OTU, suggesting that the identiÞed bacteria from gammaproteobacterial genus is the sole bacterial inhabitant in the H. halys gastric caeca. The gammaproteobacterial primary symbiont was consistently detected in geographically distinct H. halys populations, as has been the case in other pentatomid primary symbionts (16, 50) . Further, the primary symbiont was not only detected in the midgut V4 region but also in association with the eggs, suggesting that H. halys employs a vertical maternal mode of symbiont inheritance. As observed in N. viridula and E. rugosa (Tada et al. 2011 , Kikuchi et al. 2012 , the H. halys females, likely smear the egg surface with a symbiont-laden secretions, as newly hatched nymphs immediately feed on egg components and receive an inoculum during this meal. The primary symbiont must inhabit the crypt tissues early after feeding on maternal secretions because, in adults, these crypts are attached to the main gastric tract with connective tissues that lack obvious capillaries that allow communication between these structures. Further anatomical and histological examinations of different H. halys developmental stages would be required to establish how the primary symbiont comes to reside within the crypts.
Anatomical similarities between H. halys, N. viridula, and E. rugosa are striking, and molecular phylogenetic analysis placed the primary symbionts of these hosts, along with those of Murgantia histrionica and Acrosternum, together to the exclusion of other gammaproteobacterial primary symbionts of pentatomids. Although 94% was the greatest similarity of the H. halys primary symbiont to known pentatomid symbionts, pairwise comparisons of datasets composed of full-length 16S rDNA sequences representative of endosymbionts harbored by either four aphid or six dictyopteran (cockroaches and termites) species revealed that 16S rDNA sequence percent identities could be as low as 92 and 94%, respectively (Supp Materials [online only]), which suggests that the observed sequence divergence between the pentatomid primary symbionts could be the result of long-term host associations and isolation within host tissues (McCutcheon and Moran 2012). In conclusion, polyphagous pentatomids are emerging agricultural pests in North America, and further characterization of their primary symbionts will reveal their role in host development and ecology as well as possible ways to support ongoing integrated pest management strategies.
